Ferroelectric tunnel junctions (FTJs) have attracted increasing research interest as a promising candidate for non-volatile memories. Recently, significant enhancements of tunneling electroresistance (TER) have been realized through modifications of electrode materials.
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Ferroelectric tunnel junctions (FTJs), composed of a thin ferroelectric (FE) layer sandwiched in between two metallic electrodes, have been intensively investigated in recent years. This device is considered to be a promising candidate for next-generation nonvolatile memories, because it combines the advantages of both ferroelectric random-access-memory and resistiveswitching memory. [1] [2] [3] The concept of FTJ was first proposed by Esaki in 1971, 4 but the research activities have not flourished untixl this decade. [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] The operation of FTJs has been mainly explained in terms of interfacial screening of polarization charges. [5] [6] [7] [8] In a metal 1(M1)/FE/metal 2 (M2) structured FTJ (Figure 1a ), the two asymmetric electrodes lead to unequal screen lengths and potential changes at metal/FE interfaces. Depending on the polarizations, the electrostatic potential profile of tunneling barrier will be varied. As a result, the tunneling resistance can be switched between low (ON) and high (OFF) values by polarization reversal, leading to the socalled tunneling electroresistance (TER) effect.
Extensive experimental works based on this asymmetric screening scenario have been reported during the last decade. In 2009, the TER effect was first demonstrated using conducting atomic force microscopy (CAFM). [9] [10] [11] Subsequently, FTJs with highly reproducible performance were realized in capacitor geometry, which will be useful for practical applications. 12, 13 Up to recently, most studies of FTJs have focused on improving device performance by modifying the electrode materials. [14] [15] [16] [17] [18] [19] [20] Typical examples include the use of lightly doped semiconductors, [14] [15] [16] correlated electron oxides with metal-insulator transitions, [16] [17] [18] graphene/molecular bilayers, 19 and high work function metals 20 as electrodes.
Nevertheless, for any tunneling device, modulating the tunneling barrier should be a more straightforward approach to controlling the device performance. For a simple M1/FE/M2 FTJ, Zhuravlev et al. predicted that the TER is sensitive to both the polarization and the barrier 4 thickness. 5 It has been demonstrated that FE barrier with a higher polarization (such as "supertetragonal" or doped BiFeO 3 ) can significantly boost the TER effect. 15, 21 On the other hand, experimentally varying the FE barrier thickness is accompanied by additional complicated
changes. An ultrathin barrier results in a large tunneling current, which facilitates easy signal readout and device scaling. However, serious undesirable effects, including the FE dead layer, 22 pinned interface dipole, [23] [24] [25] and leakage current, 11, 18, 26 arise and degrade the device performance.
For a thick barrier, these obstacles can be avoided, but the tunneling current becomes too small for realizing a practically useful device. As an alternative, several groups have theoretically proposed a new kind of FTJ using an FE/paraelectric (FE/PE) composite barrier. 27, 28 The PE layer provides a new route to control the tunneling barrier potentials, and thus the TER can be tuned and significantly enhanced. However, there have been few experimental efforts to systematically attest this theoretical prediction. 29 In this paper, we report experimental control of the TER effect by directly manipulating the tunneling barrier thickness and composition. For this purpose, we fabricated two types of FTJs: show that the work mechanism of our CB-FTJs can be understood in terms of the barriercomposition-modulated electrostatic potential profile. Figure 2c ). Such small-sized top electrodes were required to minimize the leakage current. During electrical measurements, the top electrode was grounded through a CAFM tip, and the voltage bias was applied through the bottom SRO electrode ( Figure 1c Figure S5 ), which further confirm good epitaxial film qualities.
We estimated the lattice constants of the oxide layers from XRD reciprocal space mapping (RSM) (Supporting Information Figure S6 ). For the 10 uc BTO films, the in-plane and out-of-plane lattice constants were 3.95 and 4.21 Å, respectively. Such a large tetragonality of 1.07 signifies a 6 robust FE polarization in these BTO thin films. 30, 31 Piezoresponse force microscopy (PFM) measurements (Supporting Information Figures S7 and S8 ) further confirmed the FE hysteresis loops for all the BTO and BTO/STO films.
Our FTJ devices exhibit highly reproducible electrical properties. As an example, Figure 2 shows the performance of a SB-FTJ device with t BTO = 8 uc at room temperature. After a 100 ms voltage pulse with V write = +8.0 V (-8.0 V) was applied, the high resistance OFF state (low resistance ON state) was obtained. Figure 3b shows the CAFM current mappings. The domains with upward polarization (pointing toward the surface) exhibit a much smaller tunneling current than that of the downward polarized domains, signifying the existence of the TER effect. 10, 11 However, the curly pattern in the CAFM image clearly shows highly non-uniform current distribution within an FE domain. We measured the current and corresponding topology profiles along the red arrow in Figure 3b . As shown in Figure 3c , the local currents through the terrace edge are indeed several times larger than those within the terrace. This contrast can be explained by the sample-CAFM tip contact area change and the large leakage current induced by defects near terrace edges. 35 We suggest that the later effect, defect-mediated leakage current, should play the dominating role on the local current variation in our ultrathin BTO sample (see Supporting Information, Section 4 for detailed discussions).
Because such structural imperfections at terrace edges are unavoidable, the leakage current could pose a fundamental obstacle to signal readout of SB-FTJs.
The leakage current is also evident in the I-V curves of our ultrathin SB-FTJs (Supporting Information Figure S12 ). For SB-FTJs with t BTO ≤ 3 uc (Supporting Information Figure S12a ), the leakage current dominates the transport behavior, such that both I ON -V and I OFF -V curves are linear and almost identical. With increasing t BTO above 4 uc (Supporting Information Figures S12b-f), the I ON -V and I OFF -V curves become more non-linear and show meaningful differences.
The CAFM images of BTO films with t BTO = 4 and 6 uc also consistently show strongly suppressed local conductivity variations at terrace edges (Supporting Information Figure S9 ).
These observations suggest that the leakage current only crucially affects the tunneling behavior of SB-FTJ with ultrathin barriers.
For SB-FTJs with thicker barriers, the tunneling current can decrease below the experimental detection limit. According to the Wentzel-Kramers-Brillouin (WKB) theory of quantum mechanical tunneling, 36 the tunneling probability should decrease exponentially with increasing barrier thickness. Figures 3d and e shows I-V curves on a logarithmic scale for SB-FTJ with t BTO = 8 and 10 uc, respectively. In both cases, I OFF becomes orders of magnitude smaller than I ON .
Moreover, I OFF approaches a detection limit caused by the noise current background of our experimental setup, i.e., approximately 0.5 pA at room temperature. For t BTO = 10 uc, the true I OFF value within ±1 V is completely hidden below the noise current background.
These two fundamental barrier thickness limits of SB-FTJs appear clearly in the t BTOdependent tunneling currents. Figure 4a shows both I ON and I OFF values at -0.4 V. In the regime of t BTO ≥ 6 uc, both I ON and I OFF increase exponentially with decreasing t BTO , consistent with typical tunneling behavior. 5, 27 The dotted curves in Figure 4a show the theoretical predictions of I ON and I OFF based on Brinkerman's tunneling model, 10,16,37 which will be described later. As t BTO decreases below 5 uc, both I ON and I OFF start to exceed the dotted curves, due to the large leakage current contribution. On the other hand, with increasing t BTO , I OFF decreases and reaches the experimental detection limit of ~0.5 pA. Specifically, in the case of the SB-FTJ with t BTO = 10 uc, the experimental I OFF value (marked by the open square symbol in Figure 4a ) arises not from tunneling, but mainly from noise.
These fundamental barrier thickness limits will significantly degrade the performance of SBFTJs. The TER values at -0.4 V were extracted from the I-V curves (Figure 4b ). The dotted red line corresponds to the ideal TER values obtained from the fitting curves in Figure 4a . In the small-t BTO regime (≤ 5 uc), the TER becomes much smaller than the ideal value. Obviously, this degradation is due to the large leakage current. In the large-t BTO regime (> 8 uc), the TER also becomes degraded, due to the measurement limit of small I OFF . These two degradations result in a non-monotonic TER-t BTO dependence, and establish a bound for the maximum TER in SBFTJs. The best performance of our SB-FTJ was observed at t BTO = 8 uc. The TER at V read = -0.4
V is 10,000%, and the value at the optimum V read = -1 V is 53,000% (Supporting Information Figure S13 ). Note that the two fundamental limits addressed above should be generic in any type of SB-FTJ device. 9, 11, 18, 38 We now look into the CB-FTJs, composed of the BTO/STO composite barriers. Simplified electrostatic potential profiles are depicted in Figure 1b . At the Ti/BTO interface, the polarization charges will be screened by the accumulated/depleted carriers inside the Ti metal.
For the opposite side, the nonpolar STO provides far fewer screening charges at the BTO/STO interface. Hence, most screening occurs at the STO/SRO interface, and a large depolarization field is generated inside the STO layer. 28 As theoretically noted in the literatures 27, 28 , due to the depolarization field, this STO layer can serve as a switch that changes its barrier height from a low to a high value when the BTO polarization direction is reversed. This change in electrostatic potential will affect the TER substantially.
In the CB-FTJ structure, we can control the tunneling current by varying the barrier composition (i.e., varying t BTO and t STO ). For simplicity, we fixed t total at 10 uc to avoid the undesirable leakage current, then tuned t BTO from 2 to 8 uc (the corresponding t STO increase with decreasing t BTO . In contrast, I ON initially increases but then decreases below t BTO = 6 uc. The complicated behavior of I ON actually suggests that the barrier potential profiles do evolve with t BTO, which will be addressed later.
We could achieve considerable TER enhancement using the CB-FTJ structure. Figure 6b shows TER values for our CB-FTJs with various BTO/STO barriers. The best performance was obtained at t BTO = 6 uc. The TER calculated at V read = -0.4 V is 36,000%, more than 10 times higher than that of the SB-FTJ with the same total barrier thickness (2,600% at t total = t BTO = 10 uc). The TER at optimum V read = 1.1 V is as high as 170,000% (Supporting Information Figure   S13 ), which is even higher than that of the best SB-FTJ (i.e., 53,000% at t BTO = 8 uc). In addition, for the CB-FTJ with t BTO = 4 uc (2 uc), the optimal TER can reach 9,200% (140%), much higher that of SB-FTJs with the same t BTO . This result further confirms that the additional STO layer can effectively reduce the leakage current. (Figure 5f ), confirming the polarizationdominated operation of CB-FTJs. The TER ratio calculated from R ON and R OFF at V write = 0 V is 160,000%, in good agreement with the value estimated from corresponding I-V curves. To our knowledge, this optimal TER is higher than those of reported FTJs using a single BTO tunnel barrier and conventional metal electrodes. 3, 10, 11, 38 The high tunability and enhanced TER can be quantitatively understood using a quantum mechanical tunneling model with various electrostatic potential barriers. First, we applied
Brinkerman's tunneling model to the SB-FTJs. We assumed that the tunneling barrier potential profile above the Fermi level has a trapezoidal shape (Figure 1a) , and calculated the tunneling current based on the WKB approximation (see Supporting Information Section 6 for details). We then considered the barrier potential modulations in CB-FTJs. As described in Figure 1b and Supporting Information Figure S17 , the potential of STO is flat, and its height is pinned to that of BTO at the BTO/STO interface. 
